Below grade storage tunnels in stormwater systems are usually designed to operate in a free-surface flow regime. However, intense rain events may trigger flow regime transition to pressurized flow, which results in operational problems. To date, little guidance is available as to the considerations necessary to properly design a system undergoing flow regime transition. In this investigation, an experimental apparatus consisting of a 14.3 m long, 94 mm diameter acrylic pipe was used to observe the nature of flows in such conditions. It was noticed that the air near the pipe crown may pressurize and influence the flow dynamics.
INTRODUCTION
The release of stormwater to the environment is one of the undesired effects of the urbanization process due to the impacts created in receiving water bodies. As discussed by ?, major water quality impacts in urban stormwater are produced by salinity, temperature, sedimentation, dissolved oxygen, toxic substances and biological effects. Another impact of stormwater releases is flooding in small streams, generated mostly by the more rapid hydrologic response of an urbanized watershed, which in turn increases peak flows in the receiving water. Increasingly stricter regulations controlling combined sewage and stormwater releases to the environment have been enacted in recent years. The construction of storage facilities is a typical alternative to meet regulatory requirements for the control of stormwater flows. Storage structures may be surficial, such as retention ponds, or subterranean, as in below-grade storage tunnels. Issues such as land usage play a role determining which alternative is to be applied with storage tunnels often being a preferred alternative in heavily urbanized areas.
Operational problems such as geysering may arise from the operation of below-grade storage tunnels during intense rain events. Such occurrences have been described by ?? in the Chicago TARP system. Geysering (the release of air-water mixtures through manholes or other vertical shafts) is apparently due to surges initiated during the transition from free surface flow to a surcharged state in the tunnel. The study by ? revealed that the magnitude of surges in the TARP system could be controlled and reduced to an acceptable level by throttling the inflows into the storage tunnel as it approaches the filled state. According to the authors, the reduction of the fill rate as the tunnel went through the transition to a pressurized state effectively eliminated the geysering problem.
The throttling alternative for surge control in storage tunnels is not always feasible. For example, State of Michigan regulations require disinfection of combined sewage with a minimum chlorine contact time prior to any environmental release, while throttling the inflows results in a release of untreated water to the environment. The solution to the surge problem thus may require the provision of adequate surge relief structures in the storage tunnels. Numerical models are generally applied for the design of surge chambers in systems with complex geometry. However, it is uncertain if current numerical models have the capability to describe all the pertinent aspects of the flow regime transition problem. In particular, pressurization of the air forced from the system may impact the filling process. Several numerical models ignore the role of the air phase on flow dynamics. In addition, there is little guidance as to the nature of the filling process that leads to large surges in a storage tunnel system. This makes it difficult to define relevant flow events to apply in numerical model applications in order to ensure that adequate surge relief has been provided for in the system design.
This experimental study identifies several situations in which the entrapped air during a rapid filling event significantly altered the dynamics of the water flowing in the system. The various phenomena are described qualitatively as well as the flow conditions that led to their occurrence. In addition, basic flow variables such as discharge and tunnel slope were varied in order to observe the flow configurations that lead to large surges. These observations provide some insight as to the required capabilities of numerical models as well as the conditions that should be simulated in order to predict surges that control system design.
Previous experimental investigations
The understanding of the characteristics of the flow regime transition is crucial for the comprehension of the rapid filling of below grade storage tunnels. Most previous experimental investigations regarding the flow regime transition were conducted with the chief objective of validation and calibration of numerical models created to simulate this condition. Examples of these investigations include the works by ???. While most numerical models assume that the air phase doesn't affect the dynamics of the flow regime transition, other models provide a framework for inclusion of the effect of the air phase during rapid filling events without resorting to a complex two-phase flow approach.
One of the early investigations regarding the flow regime transition in tunnels was presented by MeyerPeter and Favre in 1932, on the Wettingen tail race tunnel system, as described by ?. The authors reported that in an experiment with increasing inflow, an initially open-channel flow evolved to a state where a pipe-filling bore advanced over the free surface region. After the system became fully pressurized, a series of damped oscillations characteristic of an incompressible surge developed. In experiments with decreasing inflow, a negative (receding) front formed in the tunnel, re-establishing the free surface flow condition.
Among the studies that included the effects of the air phase pressurization during the flow regime transition, the work by ? is significant. According to the authors, the relative motion of the air and water phases in near-horizontal pipes undergoing flow regime transition may trigger the development of flow instabilities.
If the relative velocity between the two phases exceeds a limit, defined according to Kelvin-Hemholtz's shear flow instability theory, large air pockets may form. These pockets move within the pressurized zone and eventually air will be expelled at venting points, potentially generating waterhammer-like pressure peaks.
The authors conducted experimental measurements of the pressurization bore speed and the pressure head behind the pressurization front. These measurements agreed well with a proposed rigid-column model for the flow regime transition. Some pressure measurements indicated the occurrence of high frequency pressure peaks created by release of air bubbles at venting locations. This approach was subsequently expanded by ?. The authors developed a framework that described the movement of the entrapped air pockets and the subsequent release of these pockets. Their experimental procedure included a rapid closure at the downstream end of a flowing pipe and flooding of the downstream tank when the pipe was originally flowing in open-channel regime. In both cases two types of transient pressures were identified. One was related to waterhammer pressures caused by the change in the flow conditions (e.g. rapid closure of the pipe), while the other was related to the air bubble escape from the system.
? conducted experiments studying advancing pressurization fronts and negative (retreating) fronts in different experimental conditions. The authors confirmed the water hammer pressure peaks as indicated by ?, and measured the propagation of these pressure peaks within the pressurized region. With regards to the development of negative surges, the authors conducted experiments with the tunnel completely filled in a steady flow condition. A gate then released water from the downstream end of the pipe, causing the development of a retreating interface at either end of the system. At the downstream end, the interface took the form of a gravity current, as described by ? and others. The interface formed at a later time at the upstream end, did not form a distinct front and consisted entirely of subcritical flow.
? presented a study of flow regime transitions varying the initial and boundary conditions for supercritical and trans-critical (stationary hydraulic jump within the system) flow conditions. Flow regime transition was generated by sudden closure of a downstream gate in a pipe flowing in free surface regime. In some cases, they observed the accumulation of the air entrained in the pressurization bore. The air pocket traveled behind the bore at the top of the pipe, and upon release caused water hammer pressures. They also observed that when the system initially exhibits a stationary hydraulic jump, the jump practically didn't move from its position until full pressurization of the downstream side of the jump. When the pressurization front reached the jump, then the latter disappeared from the system. The authors mention that the experimental conditions, such as air venting, were carefully chosen to avoid entrapment of large bubbles due to interfacial instability processes. Those flow conditions were chosen to avoid two-phase flow phenomena that can't be modeled by the Saint-Venant equations, which were used by the authors to simulate their experiments.
? suggested that flow conditions may be much more complex in cases where the flow regime transition occurs in a poorly ventilated tunnel. In their study, the authors performed experiments on a horizontal pipeline in which a valve separated pressurized water from the downstream end, initially empty. At the downstream end, an orifice was placed to restrict the air escape after the valve opened and flooded the remainder of the pipeline. Pressure measurements were made, and photographs of the experimental runs indicated the possibility of the entrapment of a large air pocket located between the valve and the venting orifice if the orifice was sufficiently small. In such conditions, most of the water flowed beneath this air pocket and reached the venting orifice with minimum air release, and an "air-cushioning" effect helped to reduce the peak pressures. For larger venting orifices, the general behavior was much simpler, characterized by an almost vertical pressurization front that expelled most of the air from the system as it reached the orifice. In the latter case, the resulting pressures were larger due to the direct impact of the front against the orifice with negligible "air-cushioning" to reduce the front speed. It should be noted that very large pressures were used in the pressurized portion of the pipeline in order to produce this flow condition. Such conditions may not be realistic for what could be actually encountered in a stormwater conveyance system.
? conducted experiments that confirmed the mechanism proposed by ? for the formation of air pockets in sewers subject to flow regime transition conditions. Their experimental apparatus consisted of a tunnel segment of 0.144 m-diameter with two manholes of 0.2 m-diameter spaced along the line. In their experimental setup, the downstream reach initially flowed in a steady pressurized state, while the other portions experienced free surface conditions. A sudden increase in the pressure at the downstream end generated a flow regime transition front, similar to that described by ?. Other experiments indicated the occurrence of intermittent flow of air pockets in the middle segment if the inflow rate was increased from the initial steady conditions. In summary, most previous experimental investigations have been primarily directed towards particular characteristics of the flow regime transition during rapid filling pipe events. No experimental studies have been conducted to assess the influence of the flow regime transition on surge behavior in stormwater storage systems. With regards to the effect of the ventilation and subsequent air pressurization during rapid filling events, the experiments conducted by ? shed some light on the air-cushioning by the air phase reducing peak pressures. However, the extreme conditions used in their experimental runs may have masked other important interactions between air and water phases. Particularly, it is unclear how air pressurization can develop in a system flowing initially with a free surface and how it affects the surge behavior. The present study was initiated from this perspective.
OBJECTIVES
The conditions for which large pressure surges develop in storage tunnels undergoing rapid filling remain poorly understood at present, as there has been no systematic study that addresses the effect of various system parameters on surge intensity. This is a critical issue, since the magnitude of the surges may be related to the combined effect of many variables. These variables include the amount of the water in the tunnel when it goes full, the inflow at the moment when the pressurization occurs, number of inflow points, and geometric characteristics of the system. Additionally, during the filling process, the air phase may become pressurized, causing changes in the water flow dynamics and adding to the complexity of the problem.
To address some of these issues, a experimental investigation was conducted in an apparatus based on a stormwater storage tunnel proposed for Dearborn, MI. The objectives of these experiments were:
• Investigate what combinations of inflow conditions and pipe slopes will generate the strongest surges upon rapid flow initiation;
• Observe the different interactions between the air and water phases during the filling process
The subsequent section presents the general characteristics of this proposed storage tunnel, the construction of the experimental apparatus that represents this tunnel and the experimental procedure followed in the experimental runs. In the event that the tunnel storage capacity is exceeded, the water is returned to grade with a regulatory requirement for disinfection for any released water. The hydraulic capacity of the tunnel was accommodated in the design by sub-dividing the tunnel into three segments by closure of isolation gates during high flow conditions. Release of inflow above tunnel storage capacity was to be provided through a pump station at the downstream end and gravity flow release points for the two upstream segments. Chorine was to be injected at the closest upstream dropshaft from each overflow point in order to meet a requirement for minimum disinfectant contact time prior to release. Issues were raised during the design phase regarding surge chamber volume and air ventilation requirements. A review of the literature provides very little guidance on these issues, nor is much information available as to the conditions that are likely to result in critical design conditions. Based on this situation, it was decided to construct a simplified physical model that reproduced key elements of the proposed system.
The purpose of the model was twofold; first to collect experimental data against which the predictions of available numerical models could be compared and secondly, to develop an understanding of relevant flow processes associated with the tunnel filling and subsequent surge development in order to ensure that the controlling flow conditions were included in the design analysis. This paper describes the results of the second study objective since previous studies seem not to have addressed the range of possible flow phenomena and their relationship to design issues.
Description of the experimental apparatus
As discussed previously, a major purpose of the physical experiment was to gain some insight as to processes relevant to surge generation and air ventilation in a rapidly filling stormwater storage tunnel. It was not feasible to construct a scale model of even a single segment of the tunnel system since space constraints prohibited modeling the length of the conduit without also requiring an excessively small diameter. Instead, it was decided to model the essential features of the tunnel system while allowing basic variables such as inflow discharge and tunnel slope to be easily varied to examine their impact on surge behavior.
The actual experimental configuration developed is indicated schematically in Figure 2 ; this can be considered to represent the tunnel segment from the furthest upstream inflow dropshaft and the surge chamber at approximately a 1:50 scale ratio. The 14.8 m long tunnel section was constructed of approximately 10 cm-diameter acrylic tubing so that flow phenomena occurring within the filling tunnel could be readily observed. A surge chamber of constant 19 cm-diameter was attached at one end of the conduit. Filling was performed at the opposite end of the apparatus. A fill box with 0.25 x 0.25m section and spill level 0.15 m above the pipe crown was attached. Flow was admitted through the fill box and also exited the apparatus once water has risen in the box to the top with the overflow occurring as a weir type of discharge over the perimeter of the box. The purpose was to represent the nearly constant head during overflow conditions through the pump station at the opposite end of the tunnel from the surge chamber for example. Filling at the same location that overflowed was a simplification of the actual tunnel system that allowed only one direction of surge propagation; this was considered to be a conservative simplification that would maximize the surge compared to the actual system that would fill through a number of internal dropshafts. In every experimental run, overflow occurred only after the formation of the pipe-filling bore, and after the water level at the surge riser was higher than the spilling level at the fill box. In order to avoid confusion in describing the system, we refer to the two ends of the pipeline as the "fill box" and "surge riser" ends to avoid confusion with respect to what represents the upstream and downstream ends of the apparatus.
Another compromise in the experimental design was in the manner in which flow was introduced into the apparatus. In an actual tunnel system, each inflow point could experience a highly variable inflow hydrograph depending on the rainfall intensity distribution and timing as well as the watershed characteristics. However, a hydrograph would generally be described by a gradually rising discharge up to a peak flow rate; it is expected that the largest surges will generally occur when the flow regime transition occurs at the peak flow rate. In order to limit the number of experimental variables, it was decided to model the filling process by initially adding a fixed volume of water to the apparatus, allowing it to come to rest and then suddenly initiating a constant inflow rate into the fill box. Although this is a simplified representation of an actual inflow event, the use of sudden inflow/outflow variations is consistent with typical approaches adopted in previous investigations on flow regime transition (??) and again, it was felt that this approach would maximize the magnitudes of the observed surges, thereby providing a conservative approach to the investigation.
This experimental procedure resulted in the generation of a moving hydraulic bore propagating along the pipeline. More gradual increases in inflow may still result in the formation of a hydraulic bore provided that the pipeline is sufficiently long (?). The initial water level within the conduit was varied in order to determine its impact on the surge magnitude as was the inflow rate. Inflow rates were selected to be on the order of the estimated design flow for a single tunnel segment reduced by a factor consistent with Froude
Number dynamic similarity requirements on a 1:50 scale model. Flow was admitted through an inflow pipe by means of a two-way valve with an initial steady state flow produced at the desired discharge with the water initially being wasted. The experiment was initiated by suddenly switching the valve, diverting the flow into the fill box. In order to avoid potential complications associated with air entrainment in the inflow, the discharge end of the inflow pipe was submerged in the fill box.
The experimental apparatus was installed on the floor of a tilting flume in order to allow the straightforward adjustment of the pipe slope. Experiments were performed at several different slopes with initial tests performed for a horizontal pipeline with subsequent tests at other slopes compared to those results. In the presentation of results, the pipe slope is referred to as favorable if the pipe invert at the surge riser is above the invert at the fill box and designated as adverse if the opposite conditions were set. Results will be presented for relatively flat slopes ranging from -0.3% up to 0.2%, including the horizontal case. Effective tunnel slopes in an actual storage tunnel may be either positive or negative, depending on the propagation direction of the pressurization bore.
Experimental procedure
The experimental procedure can be generalized as the following steps:
1. A given water volume was introduced into the pipeline and the system was allowed to come to rest so that quiescent conditions develop;
2. Flow was suddenly admitted through the fill box by means of a two-way valve;
3. The resulting bore propagated towards the surge riser. Depending on the particular conditions of the run, that bore closed the pipe cross-section at some location;
4. As the bore arrived at the surge riser, the water level increased;
5. If the initial bore filled the pipe cross section, this increase attained the peak surge observed in the surge riser. Otherwise, one or more reflections of the inflow bore occurred until complete filling of the tunnel, which was followed by the occurrence of the peak surge.
During the experiments, the surges at the riser were recorded with a digital camera with 30 frames per second. Velocity and air phase pressure data were collected within the pipe in some experiments. These data were obtained by installing an acoustic doppler velocimeter (ADV, manufactured by Sontek) 9.9 m from the fill box and a piezoresistive pressure transducer (manufactured by Endevco, model 8510B-1) at the top of the pipe at the 14.1 m location. The goal of the velocity measurements was to establish a link between the peak surges and the velocity behind the pressurization bore. The purpose of the transducer measurements was to detect air pressurization during expulsion of air from the system.
Experiments conducted to observe the interactions between air and water during the filling events followed essentially the same procedure. Although the recording of the surge riser water level was still conducted with the digital camera, the behavior of the pressurization front was also observed, so that the interaction between the air and water phases could be subsequently classified. Due to the qualitative nature of these experiments, no recording of the air pressure or the flow velocity was performed.
The experimental results are presented in a non-dimensional form. Due to the characteristics of the system, the water level at the surge riser oscillates about the spilling level in the fill box (see Figure 2 ).
Surge peak levels are reported relative to that spilling level. This resulting quantity (non-dimensionalized)
is referred as Relative Surge or h * s . The resulting list of potentially relevant non-dimensional variables is the following:
In the above definitions, D is the pipe diameter, H s is surge riser peak water level, H spill is the spilling level at the fill box, Q i is inflow rate, g is gravity, L is the length of the pipeline, y is the initial water depth in the pipe measured at the surge riser, t is time, V is the velocity measured behind the inflow bore and H air is the air phase pressure head. Note that this non-dimensionalization procedure doesn't imply that the results obtained in this study can be generalized to different below grade storage systems since there are many geometric variables, including pipe slope, that define a particular system. As previously mentioned, the magnitude of surges is largely dependent on particularities of the system geometry and the large number of dimensionless variables do not make it possible to generalize the observed results. Table 1 presents the range of dimensionless experimental conditions tested. The maximum discharges used in this study correspond roughly to the design flow for the proposed Dearborn storage tunnel system when scaled according to Froude number similarity criteria. The following section presents the experimental results for this series of experiments.
EXPERIMENTAL RESULTS

Surge experiments
The first part of this section presents the surges measured in a system subject to different combinations of inflow conditions and pipe slopes. As explained, the different combinations of initial water level and inflow rates aimed to represent different possible inflow hydrographs. For each experimental run, the surge peak was recorded and the results were grouped by inflow rate and slope as a function of the initial water level.
As Figure 3 demonstrates for the horizontal and 0.2% favorable slope, the surge peak depended both on the values of the initial water level and inflow rate. Generally, there seems to be an intermediate initial water level that is associated with the largest surges. The resulting system behavior can be summarized as follows:
• For smaller values of y * , the inflow created a bore that moved towards the surge riser without closing the pipe cross section. One or more reflections were required to generate a pipe filling bore (particularly when Q * i = 0.26), which was followed by the peak surge at the riser. In these cases, larger values of inflow rate did not necessarily result in larger surges.
• Intermediate values of y * resulted in a pipe-filling bore upon flow introduction, and surges were observed at the riser upon bore arrival. For y * between about 0.6 and 0.8, the largest peak surges were observed. As the value of Q * i increased, the peak surges occurred at smaller values of y * . Under some combinations of inflow conditions, the flow regime transition occurred in such a way as to trap air in the pipeline that was subsequently expelled at the fill box, the surge riser, or at internal ventilation points if these were provided.
• When y * approached unity, the peak surges for different values of Q * i were similar. In such cases there was no inflow bore, thus the water level at the surge riser increased almost immediately after the flow introduction. Because the pipeline was initially completely full, the description of the surges was somewhat similar to a U-tube oscillation. In such cases, the surges are dependent on the pressure build-up at the fill box and the energy losses in the system.
In cases when flow regime transition occurs, flow becomes more complex and other issues need to be considered. To understand the surge peak variation in such cases, one needs to consider the equations of mass and momentum conservation across the bore and determine the pressure head behind the pipe-filling bore. Based on ?, in a horizontal pipe without effect of air phase pressurization, with no initial velocity in the free surface region, the pressure head behind the pressurization bore is given by
In which:ȳ f s is the centroid depth at the free surface portion, A f s is the free surface area and A pipe is cross sectional area of the pipe. arrived at the surge riser. It's interesting to notice that there's no direct correlation between the velocity and the maximum surges. Thus, the initial water level for which the surge peak was maximum is related to the maximization of Z just before the bore arrives at the surge riser. In this context, Z could be visualized as a "flow force", and would be analogue to the pressure build-up in one branch of a U-tube. One acknowledges the difficulty in estimating the value for Z in actual systems, since it depends both on the time-dependent flow conditions and on the tunnel geometry.
The general behavior of the surges was significantly altered when adverse slopes were set in the tunnel, and new flow phenomena were observed. Figure 5 shows that for the lower inflow rate, there are several peaks in a plot of the relative surge versus initial water level. Another feature of the graph is that, for the intermediate and higher inflow rates, there was a given value for the initial water level where the peak surge values drop dramatically (at about y * = 0.8) compared to lower initial water depths. Those conditions were characterized in the experiment by a large air pocket entrapped ahead of the pipe-filling bore even though there was initially a free path for air escape. This entrapment occurred because the water level at the surge riser rose prior to the the arrival of the inflow bore, and intense bubbling at that end developed as the bore advanced. Initially, it was considered that the arrival of the hydraulic bore, as the fastest propagating nonlinear wave for any given flow configuration would represent the first occurrence of motion at the surge riser. Thus, this motion of the water within the free surface portion of the system was initially unexpected.
Further experiments demonstrated that air pressurization developed in such conditions. For adverse slopes, the water depth at the fill box end of the pipeline is less than at the surge riser end. As the inflow bore propagates over increasingly large depths, it may eventually touch the pipe crown. This bore then acts as a piston pushing the air located ahead of it out through the surge riser. However, at the surge riser, the greater water depth may be such that the available area for air to escape is limited. Consequently, the air becomes pressurized, and this pressurization acts as a cushion, reducing the pipe-filling bore speed. This condition has been discussed in previous studies (???). However, this air pressurization also influences the water phase underneath, in the free surface portion of the system ahead of the propagating bore. As a result, water starts flowing towards the surge riser driven by the air pressure. Eventually, the water level at the surge riser increases to the point that it closes the pipe cross section at that end, and air bubbling develops, resulting in further air pressurization. This result indicates that air pressurization can have more complicated influences on flow behavior than simply reducing the speed of the advancing bore as described by ?.
Experiments to measure the degree of air pressurization were conducted for an adverse slope of 0.2%, and the results are presented in Figure 6 . For y * =0.78 there's no sign of air pressurization, and the water level in the surge riser only increases once the bore arrives at that location. As the initial water level increases and ventilation area diminishes, the water level increase in the surge riser occurs almost immediately after initiation of inflow into the fill box. Eventually bubbling starts at that end, and as the bubbles are expelled, they generate pressure peaks within the air phase. The pressure increase due to air pressurization is significant and some short duration pressure spikes are larger than the actual surge peaks. Eventually the bore arrives at the surge riser, eliminating most of the air pockets within the system, followed by the oscillatory pattern of the water level at that end.
This important condition hasn't been reported in previous investigations on stormwater storage tunnels undergoing pressurization and most numerical models are incapable of simulating the phenomenon. In order to gain a more thorough understanding of the key aspects of the flow, it was decided to conduct an additional series of experiments that would systematically map the possible interactions between air and water phases during rapid filling events. Those experiments were performed in a more qualitative manner, as is described in the following section.
Air phase pressurization experiments
The previous section indicated the potential importance of air pressurization and the occurrence of unexpected flow features during the rapid filling process. It was decided to conduct a systematic study to investigate the interactions between the water and air phases under a range of different experimental conditions. This evaluation was qualitative, and the objective was to observe the overall behavior during the filling process.
These studies were conducted only with the pipe set on adverse slopes to ensure that a mechanism for air entrapment was possible within the experimental apparatus. Note that in an actual storage tunnel laid on a non-zero slope, the condition of a hydraulic bore propagating against an adverse slope is possible so long as the tunnel is filled at intermediate points. It was decided to study three different initial slopes, three different inflow rates and several initial water levels. As a result, 60 different flow configurations were considered; the range of experimental variables is presented in Table 2 .
These experimental runs demonstrated that there could be as many as five different outcomes describing the possible interactions between the two phases during the rapid filling process:
1. No interaction: This type of condition was observed when the pressurization bore advanced through the pipe without any indication of pressurization of the air phase. In other words, no movement of the free surface portion of the flow towards the surge tank was detected in these conditions. Presumably air escape is unimpeded and negligible pressurization occurs under these conditions;
2. "Pre-bore motion": As described in the previous section, this condition was characterized by the movement of the water towards the surge riser prior to the bore arrival. This motion caused a change in the shape of the free surface region of the flow, in the form of a cavity moving towards the fill box, as sketched in Figure 7 . When this cavity and the pressurization bore met, it slowed the velocity of the pressurization bore. Because no reference to this flow feature is indicated in previous literature, it was decided to refer to this phenomenon as "pre-bore motion".
3. "Air counter-flow": This condition, also referred as "Interface breakdown", is similar to the "pre-bore motion", but with a more complex configuration of the pressurization interface. The main characteristic of this condition was a breakdown in the pressurization interface because of the air pressure. The air phase pressurization is sufficient to create an air intrusion at the top of the pressurization bore, as illustrated in Figure 8 . Following this occurrence, the bore, now only partially filling the pipe cross section, continued propagation towards the riser, while the intrusion moved towards the fill box, with a distinct front resembling a gravity current.
4. Undulatory front: That condition occurred with more frequency at higher slopes and higher initial water levels. It was characterized by the formation of a wavy front instead of a hydraulic bore, and by almost immediate expulsion of air through the fill box. A key aspect is that the undulatory front was maintained over the entire length of the pipeline. Generally, undulatory fronts did not completely fill the pipe cross section. A schematic of this flow condition is shown in Figure 9 .
5. Air intrusion in undulatory front: This condition was rarely observed, and was characterized by air intrusion, such as described with the "air counter-flow" feature, in the undular front cases when it closed the pipe cross section as it moved towards the riser.
By conducting the experimental runs with the range of conditions listed in Table 2 , a succession of the different classes of flow described above were observed by increasing the initial water level. As Figure 10 shows, the experiments conducted with smaller initial water levels (measured at the surge riser) don't result in any noticeable interaction between the air and water phases. As the water level increases, the development of the pre-bore motion feature occurs. Further increase in the water level triggers the occurrence of the "air counter-flow" feature, and finally, at the upper limit of the considered water levels, the formation of undulatory fronts occurs, with or without air intrusion.
It is interesting to observe that the controlling variable that determines the type of interaction is y * .
This is, to some extent, expected since the primary route for air escape from the pipeline was provided by the surge riser in the absence of other ventilation. The ventilation provided by the fill box should not be as efficient, since that is the location of the water admission. On the other hand, the little effect of the different slopes and inflow rates tested may be due to geometry particularities of the experimental apparatus that may mask their effects. Additional experiments in which different geometries for the inflow box are planned to assess possible effects on the observed flow features.
If the air-water interactions are limited to the pre-bore motion condition, it is still possible for prediction models to account for the air phase effect in a simplified framework. These models should include the reduction in the bore propagation speed due to air cushioning and changes in the free surface portion of the flow due to the air pressure force, as pointed out by ? and ?. On the other hand, the "air counter-flow" and undulatory front conditions are much more difficult to simulate, and it is likely that only a two-phase flow formulation will be able to predict the important aspects of these flows.
CONCLUSIONS
This experimental study consisted of a systematic investigation into some of the factors that may influence the magnitude of surges in a below grade stormwater storage tunnel under rapid filling conditions. The experimental apparatus, although simplified, reproduced the major features of a tunnel system proposed for the city of Dearborn, Michigan. The major experimental variables studied were related to the tunnel slope and the inflow conditions. The experiments were divided into two groups. The first group aimed to define the conditions for which the largest surges developed. The second group of experiments aimed to qualitatively describe the type of interactions between air and water phases during the filling process.
The results indicated the importance of the inflow conditions in determining the magnitude of surges.
The largest surges occurred when the pressure head behind the pressurization bore was maximized as it reached the surge riser. Physically, it was determined that the largest surges occurred when the hydraulic bore just filled the pipe at the surge riser end of the pipeline. The maximum surge peak generally increases with the inflow rate, as expected. However, for lower initial water levels, there's no direct relationship between the inflow rate and the surge peaks, since these depend on the flow conditions (i.e. direction of bore propagation) at the moment when the pipe becomes filled. These conditions are very much dependent on the particular geometric characteristics of the tunnel, such as the dimensions of the surge riser as well as the nature of the inflow hydrographs at tunnel inflow points. Therefore, the direct application of the findings of these experimental results to the design of arbitrary tunnel systems is not possible.
The effect of the tunnel slope proved important to the surge behavior because of the impact it has on the air expulsion from the system. When favorable slopes were used, the behavior of the surge for different initial water levels and inflow rates was similar to the horizontal case. In contrast, when adverse slopes were used in higher initial water levels, significant changes were observed in the surges, as well as in the overall system behavior, such as the dramatic surge peak decrease with small change in inflow conditions and the motion of the free surface prior to the bore arrival. Experimental measurements demonstrated that these changes resulted from the entrapment and subsequent pressurization of the air phase. Air pressurization may be relatively common in actual sloped tunnels, especially in cases when intermediate inflow points generate inflow bores in both directions. Although in most cases the air phase entrapment within the tunnels may result in adverse effects such as geysering, one positive aspect observed was the "air cushioning" effect it may cause in the advancing bore, which provides some surge relief. This relief comes results from the propagation of the inflow bores against a location within the tunnel where air ventilation is restricted. This leads to the conclusion that whenever system geometries result in a sufficient constriction for the air escape, the flow behavior can only be fully understood or predicted by considering the effect of the air phase pressurization.
The experiments investigating the interactions between the air and water phases demonstrated the increased complexity of the problem when venting conditions are inadequate. For the experimental conditions tested, five different types of flow configurations were observed. There's a limiting value in the initial system water level above which the lack of consideration of the air phase may compromise the prediction ability of numerical models that model only the water phase motion. It was also noticed that the controlling variable in determining the type of interaction was the initial water level at the location of air expulsion. The apparently negligible effect of the different slopes and inflow rates in the experimental outcome is still to be confirmed in similar experiments with different system geometries.
The conditions in which large surges develop have been systematically studied albeit for a highly idealized configuration, and it was seen that in some cases the air phase dynamics play an important role in the system description. It is felt that the circumstances that lead to air pressurization are likely to commonly occur in actual tunnels, especially with multiple inflow points. Some preliminary efforts have been made to simulate the observed flow behavior when air pressurization is significant (?) and it is possible to predict the salient features of the "pre-bore motion" for example. The authors are currently exploring the limitations of onedimensional models to simulate the other flow phenomena that were observed in this experimental study. A requirement to implement multi-dimensional flow models would provide a significant limitation to the ability to analyze prototype stormwater storage tunnels. Additional studies are also planned to develop some more general guidelines on the placement and size of air relief features in storage tunnel systems in order to avoid geysering. Future investigations on this problem will include additional inflow conditions, such as multiple inflow points, and assess the effect of those in the surge magnitudes observed in the system.
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APPENDIX I. NOTATION
The following symbols are used in this paper. Starred variables denote non-dimensional parameters. 
D = Pipe diameter
